Thermotoga maritima was the first hyperthermophilic species of the domain Bacteria to be discovered (18) , and to date it is the best-studied bacterial hyperthermophile. For the organisms related to Thermotoga, the phylum Thermotogae was proposed (35) . The hyperthermophilic bacteria represent a deep branch within the phylogenetic tree of the Bacteria, suggesting that these organisms may have retained archetypal features resembling those of primordial bacterial cells. This expectation is apparently supported by the fact that some of the biomolecules and properties of T. maritima have indeed revealed quite unusual features (19) . Its peptidoglycan is thin and with a low degree of cross-linking, devoid of meso-diaminopimelic acid but containing D-lysine and L-lysine, which are absent from other gram-negative bacteria (17) . A common morphological characteristic of the members of the order Thermotogales is the presence of an outer sheath-like envelope ("toga") (19) . For cells of the genus Thermotoga, the toga forms large balloons at the cell ends and in this way encloses a periplasmic compartment with a volume comparable to or sometimes even larger than that of the cytoplasm. The only components of the toga studied in any detail are the coiled-coil protein Omp␣ and the porin Omp␤ of T. maritima (13, 14, 34) . Previous studies have indicated that besides Omp␤, certain enzymes are also probably localized in the toga (reference 36 and our unpublished results).
The genome of T. maritima strain MSB8 encodes all enzymes needed for the degradation of complex xylans consisting of a poly-␤-1,4-linked xylose backbone substituted with acetyl, arabinofuranosyl and 4-O-methylglucuronyl groups, i.e., xylanases, ␤-xylosidase, arabinofuranosidase, ␣-glucuronidase, and acetyxylan esterase. This paper deals with the localization of the endo-xylanases (1,4-␤-D-xylan-xylanohydrolase; EC 3.2.1.8) XynB and, in particular, XynA of T. maritima strain MSB8. XynA is an extremely thermostable 120-kDa enzyme whose precursor sequence, based on the primary structure derived from the nucleotide sequence of the gene, is composed of an apparently typical N-terminal signal peptide, followed by five domains in the order A1-A2-B-C1-C2 (42) . The central part (domain B, ϳ340 amino acids), which represents the catalytic domain, belongs to family 10 of glycoside hydrolases. The N-terminal ϳ150-amino-acid repeated domains (A1 and A2) have no significant similarity to the C-terminal ϳ170-aminoacid repeated domains (C1 and C2). Domain A2 belongs to family 22 of carbohydrate-binding modules (CBMs) and has been shown to display xylan-binding ability (24, 30) . Domain C2 has been shown to represent a cellulose-binding module (42) which belongs to family 9 of CBMs and is unique in that it specifically binds to the reducing end of cellulose and soluble polysaccharides as well as to a variety of mono-, di-, and oligosaccharides. After binding to microcrystalline cellulose, elution of C2 can be achieved with a 0.2 M cellobiose solution (10, 22, 32, 42) . The data reported here clearly demonstrate the toga association of the multidomain xylanase XynA and pro-vide information about the processing and the mechanism of attachment of this enzyme to the cell envelope of T. maritima.
MATERIALS AND METHODS
Strain and growth conditions. Thermotoga maritima strain MSB8 (DSM 3109) was propagated in Difco marine broth medium 2216 (Difco, Detroit, MI) supplemented with 0.25% soluble starch or xylose as described before (42) . For large batch cultures, cells from a fresh overnight culture were inoculated into a reduced medium consisting of 0.5% peptone, 0.1% yeast extract, 0.25% soluble starch or xylose, 1% (vol/vol) Difco marine broth, 3% NaCl, 0.5% Na 2 S, and 0.0001% resazurin dissolved in tap water and preheated to 80°C. Disruption of T. maritima cells for the preparation of crude extracts was achieved by passing suspensions of cells in 20 mM bis-Tris buffer (pH 6.2) through a French pressure cell (American Instrument Company, Silver Spring, MD) at 6.9 MPa.
Protein purification, analytical methods, and xylanase assay. Previously published methods (25, 26) were used for the determination of protein concentrations and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Detection of protein bands with thermostable xylanase activity after separation by SDS-PAGE was done with a zymogram staining technique described before (42) . Amino-terminal sequencing of protein samples via sequential Edman degradation was done on an Applied Biosystems 477A sequencer.
For purification of XynA from T. maritima culture supernatant, the supernatant obtained from 50 liters of culture was concentrated to a final volume of 300 ml by ultrafiltration with a Sartocon ultrafiltration system followed by a second step with a Sartocon mini-ultrafiltration system (Sartorius, Göttingen, Germany), both equipped with cellulose triacetate membranes (10,000-Da cutoff). The concentrated supernatant was applied to a column with a 400-ml bed volume packed with microcrystalline cellulose. Washing of the column and elution of the 120-kDa enzyme with 0.1 M cellobiose were done as described previously (42) .
For expression of xynA in Escherichia coli, a synthetic oligonucleotide primer with the sequence 5Ј-GGACTGAATTCATGCAAGTCAGGAAGAGACGGG G-3Ј was used in combination with primer 6 (42) to generate via PCR a DNA fragment carrying the complete xynA coding region. The PCR product was cut at the ends with EcoRI and SmaI before insertion into the accordingly doubledigested P tac expression vector pJF118ut (8), a derivative of pJF118EH (16) . This plasmid construction, designated p86, was introduced into E. coli WCM105. The secreted recombinant xylanase was purified to apparent electrophoretic homogeneity via ultrafiltration and cellulose affinity chromatography.
Standard assay mixtures for the determination of xylanase activity contained 0.8% oat spelt xylan (Roth, Karlsruhe, Germany), 250 mM NaCl, 50 mM bis-Tris buffer (pH 6.2), and appropriately diluted enzyme (in some cases in the form of a suspension of washed cells; see below), and assays were performed in a total volume of 0.5 ml. Unless mentioned otherwise, incubation was carried out for 10 min at 75°C. The amount of reducing groups liberated during the enzymatic hydrolysis of xylan was quantitated by the dinitrosalicylic acid method (7) as described previously (43) . One unit of xylanase activity is the amount of enzyme necessary to liberate 1 mol of reducing groups (as xylose equivalents) per minute.
Osmotic shock treatment of T. maritima cells. Cells of T. maritima (1 g) grown in medium with soluble starch (0.2%), oat spelt xylan (0.1%), or xylose (0.5%) were suspended in 8 ml of 500 mM glucose-1 mM EDTA-200 mM Tris-HCl, pH 7.4. After addition of 0.8 ml of a lysozyme solution (20 mg ml Ϫ1 ) and 5 ml polymyxin B sulfate (1 mg ml
Ϫ1
) and incubation at ambient temperature for 30 min, 8 ml distilled water was added; 30 min later, 32 ml distilled water was added. The supernatant obtained after centrifugation for 10 min at 11,000 ϫ g was used as the periplasmic protein preparation. Control experiments demonstrated the efficient separation of the T. maritima periplasmic maltose-binding protein with this spheroplasting and osmotic shock treatment (not shown).
Immunogold labeling and electron microscopy. A suspension of T. maritima cells from a fresh overnight culture was used for fixation (30 min, 20°C) with 2% paraformaldehyde, 1% glutaraldehyde, and 0.5% uranyl acetate. The cells were embedded in 2% low-gelling agarose type VII (Sigma) before the preparation was subjected to multistep infiltration with Lowicryl K4M (Lowi, Waldkraiburg, Germany) using the PLT method (23) as described before (14) . After polymerization of the sample with UV light, thin sections (60 nm) were collected on nickel grids.
For immunolabeling, the nickel grids with the T. maritima thin sections were incubated for 1 h in labeling solution (TBS [10 mM Tris {pH 7.5}, 0.15 M NaCl] supplemented with 0.05% Tween 20, 5% milk powder, and 0.5 M NaCl) and then for 3 h in labeling solution mixed with 0.01 volume of a polyclonal anti-XynA antiserum, which was a rabbit-derived preparation raised against a recombinant truncated xylanase derivative consisting of the central catalytic domain of XynA (42) . After five brief washing steps in labeling solution, the grids were incubated for 1 h with anti-rabbit immunoglobulin G (IgG) gold (10 nm) conjugate (Sigma, Deisenhofen, Germany) diluted 1:10 to 1:50 in labeling solution. After washing repeatedly in labeling solution and once in water (5 min), the grids were air dried for 10 min. Poststaining was done by incubation for 10 min in 4% uranyl acetate and, after three washes with water, for 5 min in lead citrate, followed by a final wash with water. After shadowing with carbon, electron micrographs were recorded with a Philips CM12 apparatus at a nominal magnification of ϫ16,000.
Immunofluorescence labeling and epifluorescence microscopy. Cells from a fresh overnight culture of T. maritima grown in medium with 0.25% xylose were collected by centrifugation and suspended in TBS. The cells were used for immunolabeling either after fixation, which was accomplished by mixing the suspension with 3 volumes TBS containing 4% paraformaldehyde and incubating at 4°C for 16 h, or without prior fixation. For immunolabeling, 0.01 volume of rabbit anti-XynA antiserum was added. After 90 min, excess primary antibody was removed by washing the cells with TBS. The cells were then suspended in TBS and mixed with 0.025 volume fluorescein isothiocyanate-anti-rabbit antibody conjugate (Sigma) for 90 min before immobilization on a gelatin-coated glass slide. Fluorescence microscopy was carried out at 495 nm with a Zeiss Axioplan epifluorescence microscope. In some experiments, immunolabeling of the fixed cells was preceded by successive 2-min incubation steps in 30%, 50%, and 70% ethanol. In another set of experiments, intact cells were directly immobilized on gelatin-coated microscopic slides, fixation with formaldehyde was omitted, and the cells were air dried before immunolabeling on the slide surface. The apparent intactness of the cells was generally checked by phase-contrast microscopic examination. Dried cells and ethanol-treated cells displayed relatively weak phase contrast.
RESULTS
Cell-associated and extracellular xylanase production by Thermotoga maritima. Upon growth of T. maritima strain MSB8 in medium supplemented with either soluble starch (0.2%, wt/vol), oat spelt xylan (0.1% wt/vol), or xylose (0.5%, wt/vol), 0.5 g cells from each culture were harvested, and the xylanase activities present in whole cells, in the soluble fraction from spheroplasting and osmotic shock treatment (periplasmic fraction), and in the non-shock-extractable fractions of the cells were compared by SDS-PAGE and zymogram staining ( Fig. 1 ). While activity bands from starch-grown cells were barely visible, both the 120-kDa XynA and the 40-kDa XynB were found in xylan-or xylose-grown cells, in accordance with previous results (42) , confirming that xylanase production in T. maritima underlies an induction mechanism. Obviously, more XynB was present after growth on xylan than after growth on xylose, which indicates that xylan-derived oligosaccharides are more efficient inducers of XynB synthesis than the monosaccharide xylose. While most XynB was released from the cells with spheroplast formation and osmotic shock ( Fig. 1B and C, lanes 3), XynA (and variable amounts of smaller activity bands presumably representing C-terminally shortened derivatives) remained cell bound during this procedure.
In several independent experiments where T. maritima strain MSB8 was grown in xylose-supplemented medium, we have observed that xylanase activity was present in the culture supernatant. The activity in the supernatant represented about 16% to 30% of the total xylanase activity (cell-associated plus extracellular) of the culture (data not shown). In order to characterize the extracellular xylanase(s), the supernatant obtained from 50 liters of culture was concentrated by ultrafiltration (10,000-Da cutoff) as described in Materials and Methods. SDS-PAGE coupled with zymogram staining for thermoactive xylanase activity revealed two bands with mobilities of 120 kDa and 40 kDa (Fig. 2, lane 1) . Thus, it appeared that both T. maritima xylanases previously purified from cell (42), i.e., XynA (120 kDa) and XynB (40 kDa), were also present in the culture supernatant. In case the 120-kDa secreted enzyme was indeed XynA, which has been shown to contain a cellulose-binding domain (42), cellulose affinity chromatography was thought to be an adequate method for purification. Indeed, it was possible to separate the secreted xylanases with this method (Fig. 2 ). The N-terminal sequence determined for the secreted 40-kDa xylanase was NH 2 -PheGln-Asn-Val-Ser-Leu-Arg-Glu-Leu-Ala-Xxx-Lys-Leu-AsnIle-Tyr-Ile-Gly-Phe-Ala-Ala-Ile, which corresponds to positions 20 to 38 of the XynB precursor sequence, with the exception of the first residue, which according to the translation of the xynB open reading frame is Ser and not Phe. An aliquot of the purified secreted 120-kDa enzyme was also subjected to N-terminal sequencing. The 14 N-terminal residues were NH 2 -Gly-Asp-Ser-Ser-Leu-Glu-Thr-Val-Leu-Ala-LeuSer-Phe-Glu, which corresponds to positions 45 to 58 of the pre-XynA primary structure. Upon expression of the complete xynA coding region in E. coli WCM105, which is a strain with a leaky outer membrane that releases proteins exported across the cytoplasmic membrane to the culture medium, the secreted recombinant xylanase was purified to apparent electrophoretic homogeneity and subjected to N-terminal sequencing. The 10 N-terminal residues were NH 2 -Gly-Asp-Ser-Ser-Leu-Glu-Thr-Val-LeuAla, which corresponds to positions 45 to 54 of pre-XynA. Thus, the recombinant xylanase exported by E. coli had the same N terminus as authentic XynA isolated from the T. maritima MSB8 culture supernatant (data not shown). However, we observed that the signals obtained on the phenylthiohydantoin amino acid analyzer during sequencing of the secreted recombinant XynA were weaker than expected for the amount of protein used for the analysis, which could be an indication of partial N-terminal modification.
Amino-terminal amino acid sequence of membrane-bound XynA. Since previous experiments had indicated the presence of XynA in the membrane fraction of T. maritima cells, a membrane fraction was prepared from 12 g of T. maritima cells grown in the presence of 0.25% xylose by French press lysis of the cells suspended in 30 mM bis-Tris (pH 7), removal of remaining intact cells by centrifugation at 5,000 ϫ g for 15 min, and high-speed centrifugation (140,000 ϫ g) for 1.5 h in a TST41.14 swing-out rotor (Kontron Instruments). The membrane fraction was suspended in 50 mM bis-Tris (pH 6.2), recentrifuged, and solubilized in 50 mM bis-Tris (pH 6.2) containing 2% Triton X-100 with the aid of sonication. Of the total xylanase activity of the crude lysate (note that not only XynA but also XynB contributes to the total activity of the crude lysate), 43 .5% was recovered from the membrane fraction (Table 1). SDS-PAGE analysis coupled with zymogram staining for xylanase activity showed that there was almost no XynB left in this membrane fraction (Fig. 3) . The 120-kDa xylanase . Lanes 1, molecular mass marker proteins; lanes 2, total crude extract; lanes 3, soluble fraction after spheroplast preparation (cleared supernatant; periplasmic fraction); lanes 4, residual fraction after spheroplast preparation (nonperiplasmic cell-bound proteins). In each gel, the samples applied to lanes 2, 3, and 4 were derived from identical amounts of cells. Dark bands are Coomassie blue-stained protein bands, and white bands against the gray background correspond to proteins with xylanase activity. The mobilities of full-length XynA (120 kDa) and XynB (40 kDa) are marked at the right.
FIG. 2.
Zymogram of SDS-polyacrylamide gel with xylanases from the supernatant of a T. maritima MSB8 culture and their separation via cellulose affinity chromatography. Lane 1, concentrated culture supernatant (10 g protein) before cellulose affinity chromatography; lane 2, material with no affinity to microcrystalline cellulose (100 g protein); lane 3, XynA eluted from the cellulose affinity column with 0.1 M cellobiose. Note that it is not possible to accurately estimate the relative amounts of XynA and XynB on the basis of the intensity of the active bands due to the fact that the two enzymes differ significantly in specific activity, pH and temperature optima, and molecular mass (43) . The numbers at the right indicate the positions of molecular mass markers.
XynA was purified from the membrane preparation with the chromatographic steps described earlier (43) . The enzyme preparation obtained was homogenous as judged by SDS-PAGE analysis. Seven cycles of automated N-terminal Edman degradation yielded the sequence NH 2 -Leu-Leu-Asp-Val-SerThr-Ala for the membrane-derived xylanase. This sequence is present once, i.e., at positions 9 to 15, in the pre-XynA primary structure derived from the nucleotide sequence of the gene (42) and thus indicates proteolytic processing of the precursor after residue Gly8, which is on the N-terminal side of the hydrophobic core region of the XynA signal peptide.
Immunogold labeling experiments for investigation of the subcellular localization of XynA. The biochemical evidence pointing to the membrane localization of cell-associated XynA raised the question of whether the enzyme is associated with the cytoplasmic membrane or the outer membrane of T. maritima cells. In order to determine the precise subcellular localization, the organism was grown in Difco marine broth supplemented with 0.25% xylose. The cells were harvested, fixed, and embedded as described in Materials and Methods before the preparation of thin sections (60 nm). A polyclonal antiserum raised against a recombinant truncated xylanase derivative consisting of the central catalytic domain of XynA (42) was used to probe the xylanase in the thin sections. Specifically bound anti-XynA antibodies were labeled with anti-rabbit IgG conjugated with 10-nm gold particles, which were then detected via transmission electron microscopy (Fig. 4) . The location of the gold spheres in relation to the cellular substructures demonstrated that XynA is evenly distributed along the entire cell envelope. The unique cellular morphology of T. maritima, particularly the large distance between the cytoplasmic membrane and the outer membrane at the cell poles, facilitates the a The extract was obtained by disruption of cells by French press lysis followed by high-speed centrifugation (140,000 ϫ g, 1.5 h). The membrane pellet was washed once with 50 mM bis-Tris buffer, pH 6.2.
b Xylanase activities are expressed as units of oat spelt xylan-hydrolyzing activity and were determined in 100 mM sodium phosphate-citrate buffer (pH 6.2) at 90°C. Table 1 for details of sample preparation. Lanes 1 and 5, crude extract; lanes 2 and 6, wash supernatant; lanes 3 and 7, washed membrane fraction; lane 4, molecular mass standard proteins. The sizes of the markers are indicated at the right. Ten micrograms of protein was applied to each lane. The left half of the gel was stained with Coomassie brilliant blue, while the right half of the gel was stained for xylanase activity. Since the outer membrane parts ballooning over the cell ends were labeled as well as the cylindrical part of the cells, but on the other hand, the cytoplasmic membrane at the cell ends carried no significant amount of label, it seems clear that XynA is localized mainly in the toga. The frequency of gold particles within the cytoplasmic and periplasmic compartments was similar to the background level outside of the cells. Immunofluorescence labeling and xylanase activity of intact T. maritima cells. The immunogold labeling method successfully used as described above is not suited to discriminate whether the antigen is located on the outer or the inner side of the toga of T. maritima cells. Therefore, we attempted to address this question by the determination of xylanase activity with intact cells. For this purpose, cells from a fresh overnight culture in Difco marine broth supplemented with 0.25% xylose were harvested and washed once with 3% NaCl, and half of the washed cells were subjected to French press disintegration.
FIG. 3. SDS-PAGE analysis of crude extract and membrane proteins of T. maritima. See footnote a of
Comparison of the total xylanase activity of the intact cells with the activity of the crude lysate, as determined with the standard assay for XynA (43) , revealed that the total activity of the crude lysate was only 1.3-fold higher than the activity of the intact cells (data not shown), indicating the accessibility of XynA to high-molecular-mass substrate. The 30% increase of xylanase activity upon cell lysis can be attributed to the release of the 40-kDa enzyme XynB, which is partially cell associated as it can be purified from a crude cell extract (43) , apparently localized mainly in the periplasm but not membrane bound (see above).
XynA in whole cells was inaccessible to immunofluorescence labeling when untreated or formaldehyde-fixed T. maritima cells grown in the presence of xylose were used. In this case, fewer than 5% of the cells revealed fluorescence when examined with an epifluorescence microscope after the labeling procedure (Fig. 5) . This could mean that the antigenic epitopes of the catalytic domain of XynA were not accessible for antibody binding, perhaps due to steric hindrance by the noncatalytic domains of the enzyme itself or by other cell surface structures such as proteins or carbohydrates, or that XynA has an inward orientation facing the periplasmic compartment. The latter possibility seems unlikely because most of the xylanase activity of whole cells of T. maritima was accessible from the outside (see previous paragraph). Alternatively, the treatment with anti-XynA serum could have released XynA from the cell surfaces of the nonfixed intact cells, which would also result in nonfluorescent cells. On the other hand, when the cells were air dried on the microscopic slide or when formaldehyde-fixed cells were treated with 70% ethanol, subsequent immunofluorescence labeling was positive for 100% of the cells. Both methods of pretreatment did not affect the overall cell morphology, as judged by microscopic examination (not shown), but presumably caused (partial) dehydration/denaturation of toga components.
Finally we attempted to proteolytically degrade surface-exposed XynA from whole T. maritima cells. However, this method was not useful to characterize the orientation of XynA, since the proteinase K treatment (2 to 10 mg ml Ϫ1 , 30 min, 55°C) led to the loss of the rod-shaped morphology of more than 95% of the T. maritima cells (not shown).
DISCUSSION

Localization of xylanases in T. maritima cells.
The amount of xylanase released to the medium by T. maritima MSB8 cells was in the range of 16 to 30% of the total activity (data not shown). The electrophoretic mobilities (120 kDa and 40 kDa, respectively) and cellulose-binding properties provided indirect evidence that the two xylanases found in the supernatant (Fig. 2) were extracellular derivatives of the same xylanases, XynA (120 kDa) and XynB (40 kDa) , that initially were found in crude cellular extracts prepared from washed T. maritima MSB8 cells (43) . N-terminal sequencing of the secreted 40-kDa xylanase revealed that this enzyme represented XynB devoid of its 19-residue signal peptide. Thus, cleavage of the XynB precursor had occurred at the position predicted by sequence analysis with the program SignalP 3.0 (6). The software LipoP 1.0 (21) did not predict a lipoprotein cleavage site. It is currently unknown whether a specific mechanism for transport across the outer membrane exists or whether nonspecific phenomena such as leakage or autolysis lead to the appearance of XynB in the surrounding medium after its export to the periplasmic space (Fig. 1) . N-terminal sequencing of the purified secreted 120-kDa xylanase demonstrated that this enzyme was indeed a product of the same gene as cellbound XynA. The secreted XynA species was processed after residue 44, i.e., on the C-terminal side of the hydrophobic region of the signal peptide (Fig. 6 ) of pre-XynA.
More than 40% of the total cell-bound xylanase activity was found in the membrane fraction after high-speed centrifugation of T. maritima crude extract ( Fig. 3; Table 1 ). XynA most likely accounts for most of the membrane-bound activity (Fig.  2) . Also, the immunogold labeling experiments with polyclonal anti-XynA antibodies (Fig. 4) demonstrate the membrane association of XynA. We found uniformly distributed labeling along the entire surface of the cells. From the lack of specific labeling of the cytoplasmic membrane at the cell ends, where the outer membrane (toga) and the cytoplasmic membrane are far apart, we conclude that the main subcellular location of XynA is the toga. It cannot be excluded that part of XynA may be (perhaps intermediately) bound to the cytoplasmic membrane along the cylindrical part of the cell. However, about 77% of the total cell-associated xylanase activity is accessible to the polymeric substrate from outside without disintegration of the cells (see below). This fact together with the immunodetection of much of the XynA in the toga regions supports a functional localization for access to extracellular xylan.
The high labeling density found in the immunogold-labeled ultrathin sections (Fig. 4) indicates a large abundance of XynA molecules in the toga, which is in agreement with earlier biochemical experiments. Based on the fact that about sixfold purification was sufficient to obtain Ͼ90% pure XynA from a membrane fraction of T. maritima cells (43) and assuming that roughly 50% of the membrane fraction is outer membrane (which due to its ballooning at the cell ends is an underestimate), XynA under appropriate conditions of xylanase induction may represent as much as one-third of the outer membrane proteins of T. maritima cells. Using different growth conditions, lower apparent levels of membrane-bound xylanase have been observed (unpublished data).
In intact T. maritima cells, the xylanase was largely accessible to polymeric oat spelt xylan. The total activity of a crude lysate prepared from washed T. maritima cells was only 1.3-fold higher than the activity of a corresponding amount of intact cells, meaning that about 77% of the total xylanase activity of T. maritima cells, as determined under optimal XynA assay conditions, is accessible from outside without cell disruption. Taking into account that part of the crude extract activity (but not of the undisrupted whole-cell activity) must be attributed to the soluble 40-kDa xylanase XynB, it seems clear that togaassociated XynA must be responsible for most of the activity measured with washed whole cells. Previous studies on the toga proteins of T. maritima, especially the porin Omp␤, which appears to have properties similar to those of other bacterial porins (13) , make it seem unlikely that xylan can enter the periplasm without prior cleavage. We conclude that XynA is faced toward the exterior medium. Curiously, however, immunofluorescence labeling of XynA on untreated or formaldehyde-fixed whole cells was not possible, indicating that under these conditions the central catalytic domain of the enzyme (note that the antibodies were raised against this part of XynA) is inaccessible to antibody binding. Possibly, the noncatalytic domains of XynA (24) or other cell surface structures such as proteins or carbohydrates prevented antibody binding. Alternatively, treatment of the nonfixed cells with anti-XynA serum may have caused the release of XynA from the cell surface, a phenomenon that was reported to occur with pullulanase bound to Klebsiella oxytoca (K. pneumoniae) cells (12) .
Mode of outer membrane (toga) anchorage of XynA. Some members of the Firmicutes (low-GC gram-positive bacteria) have cell wall-anchored xylanases with a modular structure similar to that of XynA, with a central glycoside hydrolase family 10 catalytic domain flanked on the N-terminal side by family 22 CBMs and on the C-terminal side by family 9 CBMs (e.g., Paenibacillus sp. Xyn5, Clostridium josui Xyn10A, Clostridium stercorarium Xyn10B, Thermoanaerobacterium thermosulfurigenes XynA, and Thermoanaerobacterium saccharolyticum XynA). Cell surface display of these enzymes is mediated by two or three C-terminal S-layer-homologous domains of 50 to 60 residues (15, 28) which are thought to bind to secondary cell wall polymers (4, 20, 44) . In Rhodothermus marinus and related bacteria, a different, approximately 80-residue C-terminal domain is involved in cell attachment (31) . Finally, some clostridial xylanases are cell wall bound within large enzyme complexes called cellulosomes. We now show that in the gramnegative T. maritima, a member of a deeply branching phylogenetic lineage, a completely different mechanism of xylanase cell surface display is used.
At first glance, the N terminus of pre-XynA looks like a typical standard signal peptide, with positively charged residues near the N terminus, a ϳ15-amino-acid hydrophobic core region, and a possible cleavage site for signal peptidase (predicted as described by von Heijne [41] to be between Ala30 and Ala31). However, in membrane-bound XynA, processing had occurred between Gly8 and Leu9, leaving the hydrophobic core attached to the enzyme. On the other hand, the N terminus of the XynA species isolated from the culture supernatant began at residue 45 and therefore lacked the entire signal peptide. We conclude that the N terminus of XynA (residues 9 to 44), most likely the hydrophobic region of the signal peptide, represents the anchor responsible for the attachment of the enzyme to the outer membrane of T. maritima. Signal peptide cleavage on the N-instead of the C-terminal side of the hydrophobic core, as found with toga-associated XynA, is reminiscent of type IV prepilin processing but to our knowledge is unprecedented for an outer membrane-bound enzyme. A comparison of the signal peptides of pre-XynA and various type IV prepilins is shown in Fig. 7 . Type IV pilin proteins undergo unique processing and modification steps in the course of their maturation and finally assemble to cell surface appendages in diverse gram-negative bacteria (39) . The signal peptides of type IV prepilins are cleaved after an invariant glycine residue on the N-terminal side of the hydrophobic core region (38) . The amino acid at position ϩ1, usually a phenylalanine or a methionine, often is N methylated. An invariant (with exceptions in the GspK family of pseudopilins [9] ) glutamic acid residue at position ϩ5, although not necessary for prepilin cleavage, appears to be essential for N methylation and pilus assembly (39) . Cleavage and modification are performed by a bifunctional enzyme called type IV prepilin peptidase (33) . After endoproteolytic cleavage, the type IV pilins are thought to accumulate in the cytoplasmic membrane before assembly, but they may be less firmly anchored due to the lack of a positively charged N terminus (33) . It is noteworthy that the genome of T. maritima contains only one open reading frame with a classical type IV pilin-like signal peptide (TM1271).
Like type IV prepilins, the XynA precursor of T. maritima is processed on the N-terminal side of the hydrophobic core region of its signal peptide after the first glycine (Gly8) of the sequence. A type IV prepilin peptidase-like enzyme putatively encoded by a PilD gene ortholog in the T. maritima genome (TM1696) may be involved in cleavage of pre-XynA. A glutamic acid residue at position ϩ5 relative to the cleavage site, which in type IV pilins apparently is necessary for methylation (39) , is not present in XynA, but N methylation of the Nterminal residue (Leu9) of membrane-bound XynA also could not be detected (data not shown). In this context, it is interesting to note that the flagellins and exported membrane-anchored proteins such as sugar-binding proteins of ABC transporters of archaea have type IV pilin-like signal peptides with a positively charged amino terminus that connects to a highly hydrophobic stretch of amino acids through a conserved glycine. These preproteins, like XynA, do not contain a conserved glutamate at position ϩ5, and they do not undergo methylation upon signal peptide cleavage (2, 3) .
Typical outer membrane proteins of gram-negative bacteria differ from integral cytoplasmic membrane proteins in that their transmembrane segments are formed by amphipathic ␤-sheets rather than hydrophobic ␣-helices (40). On the con- trary, long stretches of hydrophobic amino acids can act as stop-transfer sequences, preventing release from the cytoplasmic membrane and sorting to the outer membrane (1, 29, 37) . A different common mode of attachment to the outer membrane is via N-terminal lipoprotein modification which results in a fatty-acylated cysteine residue at the extreme N terminus of the mature protein. Our data suggest that binding of the xylanase XynA to the outer membrane of T. maritima cells is accomplished with neither of the two modes just discussed but rather via an N-terminal hydrophobic membrane anchor (Fig.  8) , which is highly unusual for an outer membrane protein.
Interestingly, another protein of T. maritima, called Omp␣, a coiled-coil protein which apparently spans the periplasmic space, was proposed to be anchored to the outer membrane via a carboxy-terminal hydrophobic peptide tail (14) . Intriguingly, the hydrophobic core sequences of the postulated outer membrane anchors of XynA (N terminal) and Omp␣ (C terminal) bear striking similarity to one another, including three conserved glycine residues (Fig. 8) . We are aware of only one other case, i.e., the phospholipase PldA of E. coli, where export to the outer membrane without proteolytic removal of the putative (but in our opinion far from optimal because quite hydrophilic) signal peptide has been suggested (11) .
The unusual mode of outer membrane anchoring of T. maritima XynA raises a number of interesting questions. (i) What are the sorting signals that lead to outer membrane localization? (ii) What does the terminal part of the secretion pathway, leading to the final location of the enzyme in the outer membrane, look like? (iii) Where and how does the processing of pre-XynA after residue 44 ( Fig. 6) , which leads to the secreted XynA species found in the culture supernatant, take place? Clearly more work is necessary to come to a better understanding of protein transport and localization in the ancestral eubacterium T. maritima.
Interestingly, most of the amylase activity of T. maritima MSB8 cells also is associated with the toga (reference 36 and our unpublished data). According to sequence data, the mode of attachment to the outer membrane of at least one ␣-amylase, AmyA, appears to be based on a bacterial lipoprotein modification (27) and therefore is different from the case for XynA. Thus, the hyperthermophile T. maritima has various polysaccharide hydrolases anchored via different mechanisms in the outermost cell layer. The retention of these enzymes at the cell surface is a plausible strategy to avoid the rapid loss of secreted enzymes in an extremely hot marine environment. Perhaps the unique ballooning of the outer membrane over the ends of Thermotoga cells serves to enlarge the surface area spiked with depolymerases. ) and repeated C-terminal domains (C1 and C2), which represent CBMs. The most abundant proteins of the T. maritima cell envelope, i.e., Omp␣ (a dimeric coiledcoil protein apparently spanning the periplasm [14] ) and Omp␤ (a porin [13, 34] 
